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476a Tuesday, March 8, 2011and promoter DNA containing a TATA-box, a mismatch bubble and a 7nt RNA
transcript. Briefly, by using sm-FRET, we determine distances within double
labelled ITCs and the NPS computes 3-dimensional position probability densi-
ties of unknown sites on the TATA-box, TBP, TFIIB and the non-template
DNA. These results allow us to build a model of Pol II ITC, which is an impor-
tant intermediate state of Pol II between initiation and elongation. Hence, our
model helps understanding the transition mechanism of Pol II from its initiation
to its elongation state.
[1] Kostrewa et al., Nature 462, 323-330 (2009).
[2] Muschielok et al., Nature Methods, 5, 965 (2008).
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Detection of Mobile Single Fluorescent Particles by Confocal Microscopy:
A Comparison with Fluorescence Correlation Techniques
Ouided Friaa, Melissa Furukawa, Radhika Voleti, Sanjeevan Shivakumar,
Aisha Shamas-Din, Cecile Fradin.
To improve our understanding of proteins interactions with cellular mem-
branes, we have developed a method based on confocal microscopy that enable
us to correlate the number of proteins bound to a lipid vesicle with the vesicle
properties (membrane integrity, membrane potential, vesicle size¼). This
method consists in the simultaneous recording of confocal images in two dif-
ferent channels, and in the coincidental detection of single mobile particles
in these channels. To demonstrate the usefulness of this method, we have
used a model system consisting of small unilamellar liposomes (~ 100 nm in
diameter) rendered fluorescent by the addition of a small percentage of fluoro-
phore and interacting with fluorescently labeled proteins.
To optimize image acquisition parameters for the detection of single diffusing
liposomes, we systematically varied the fluorophore to vesicle ratio, the fluores-
cence excitation intensity, and the confocal pixel size and dwell time. We an-
alyzed the images using different pixel binning values and different detection
threshold. We then determined the range of parameters for which we were
able to detect particles with independent positions. We also verified that the
particle concentration and average particle fluorescence emission extracted
from the images using this single particle detection method were consistent
with results obtained by fluorescence correlation spectroscopy (FCS), raster-
scanning image correlation spectroscopy (RICS) and fluorescence intensity dis-
tribution analysis (FIDA). Using vesicles labeled with two different fluoro-
phores, we measured the probability that a vesicle detected in one channel
would also be detected in the second channel, and compared our results with
those obtained by fluorescence cross-correlation spectroscopy (XCS).
Our method should be useful for studies of protein or peptide insertion and pore
formation into lipid membranes.
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Single-Image Molecular Analysis for Accelerated Fluorescence Imaging
Yan Mei Wang, Shannon Zareh, Michael DeSantis, Shawn DeCenzo,
Jonathan Kessler, Anthony Kovacs.
We have developed a new single-molecule fluorescence imaging analysis
method, SIMA (single image molecular analysis), to improve the temporal res-
olution of single-molecule localization and tracking studies to millisecond
timescales without compromising the nanometer range spatial resolution [1].
In this method, the width of the fluorescence intensity profile of a static or mo-
bile molecule, imaged using submillisecond to milliseconds exposure time, is
used for localization and dynamics analysis. We apply this method to three
single-molecule studies: (1) subdiffraction molecular separation measure-
ments, (2) axial localization precision measurements, and (3) protein diffusion
coefficient measurements in free solution. Applications of SIMA in flagella IFT
particle analysis, localizations of UgtP in live cells, and diffusion coefficient
measurement of LacI in E. coli will be discussed.
[1] Shawn DeCenzo, Michael C. DeSantis, and Y. M. Wang, ‘‘Single-image
separation measurements of two unresolved fluorophores,’’ Optics Express,
18, 16628-16639, (2010)
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Quantitative Analysis of the Lateral Organization of Plasma Membrane
Proteins using Photoactivated Localization Microscopy (PALM)
Tijana Jovanovic-Talisman, Prabuddha Sengupta, Dunja Skoko,
Jennifer Lippincott-Schwartz.
The super-resolutionmethod of photoactivated localizationmicroscopy (PALM)
can be used to analyze the distribution and dynamics of single molecules within
bigger structures, making it an ideal tool for mechanistic investigation of biolog-
ical processes. This technique is particularly useful for the investigation of pro-
tein organization on the cell surface due to spatial and temporal resolution
advantages over conventional fluorescence microscopy. However, because of
photophysical properties of fluorescent molecules and the uncertainty of their lo-
calization, quantitative determination of oligomeric structures is challenging. Toaddress this, we developed a new method to analyze the distribution of single
molecules obtainedwith PALMby separating contributions from stochastic clus-
tering (corresponding to multiple appearances of a single protein) and protein
clustering (corresponding to homo- and hetero-oligomers) using autocorrelation
analysis. We probed six different plasma membrane proteins that have distinct
anchoring mechanisms and lipid affinities. We showed that our approach pro-
vides insight into the organization of proteins with ~25 nm resolution and iden-
tifies conditions that significantly change their distribution. In particular, we
found that glycosylphosphatidylinositol anchored protein (GPI) did not form sig-
nificant clusters in the steady state. However, we observed large clusters upon an-
tibody crosslinking of GPI with concomitant rearrangement of the actin
cytoskeleton. Formation of actin rings around large protein platforms could
have important implications in cell signaling. Vesicular stomatitis virus glyco-
protein and transferrin receptor showed moderate and significant clustering, re-
spectively, whereas LAT, Lyn, and ABCB11 did not exhibit appreciable
clusters. Our analysis method, which provides insight into membrane organiza-
tion on a single molecule level, is an excellent tool for quantitatively probing nu-
merous biological mechanisms because the segregation of plasma membrane
molecules is thought to be critical for various physiological processes.
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Superresolution Localization Microscopy Using Fluorogen Activating
Proteins
Qi Yan, Samantha L. Schwartz, Suvrajit Maji, Diane S. Lidke,
Keith A. Lidke, Marcel P. Bruchez.
Fluorogen Activating Proteins (FAPs) are single chain antibodies that were se-
lected to specifically activate the fluorogenic dyes thiazole orange (TO) andmal-
achite green (MG) with nanomolar affinities. The fluorogens are not fluorescent
except when bound to the cognate FAPs, resulting in thousands of fold increase
in fluorescence intensity. The fact that FAPs are small in size (12 to 25 kDa) and
genetically expressible makes them a useful tool for live cell fluorescence imag-
ing. We have shown the feasibility usingMG-FAPs in Stimulated Emission De-
pletion microscopy to achieve a 3-fold resolution improvement compared to
a confocal image. Here we demonstrate the utility of MG-FAPs for superesolu-
tion imaging using a non-photoactivated single molecule localization approach.
At equilibrium the labeling density of FAP sites is controlled by the concentra-
tion of fluorogenic dye. By using dye concentrations lower than the Kd of the
fluorogen and FAP, we obtained sparse labeling where individual FAPs could




Ankur Jain, Ruijie Liu, Biswa Ramani, Yang Xiang, Taekjip Ha.
Protein-protein interactions form the cornerstone for most biological pathways.
Governed by numerous factors, same protein can associate with a host of dif-
ferent proteins and exhibit diverse functionality in a specific physiological set-
ting. This heterogeneity in protein interactions is difficult to probe using bulk
assays like Western blots. We present a single molecule assay for direct visu-
alization of in vivo biomoelcular complexes. Protein complexes are immuno-
precipitated directly from cell and tissue extracts. The proposed interacting
partners are labeled with distinct fluorophores. Using multicolor fluorescence
colocalization with single fluorophore sensitivity, we are able to determine
the complex composition under physiological stimulations. Discrete photo-
bleaching events provide information on the complex stoichiometry. The
method is amenable for pull down of endogenous proteins. Pulled down com-
plexes can be used for single molecule functional analysis. Single molecule im-
munoprecipitation provides a rapid, sensitive and robust platform for analyzing
multimeric protein assemblies in different biological pathways.
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Generating Global Protein Dynamics with Structure-From-FRET
Andrej Savol, Arvind Ramanathan, Chakra Chennubhotla.
The remarkable specificity and diversity of protein function are consequences
of native conformational fluctuations, and more specifically transitions between
conformational substates. Experimentally, these dynamics are increasingly re-
solvable (with high temporal detail) using single molecule Forster Resonance
Energy Transfer (smFRET) methods, which can capture rare structural exten-
sions not discernible with bulk methods. Still, even with multiple fluorophore-
pairs, dye-separation trajectories lack the atomistic detail of crystallographic or
NMR-based methods, and, at present, merging smFRET data with high-
resolution structural data remains problematic. Moreover, many functionally-
relevant transitions proceed within timescales far beyond those accessible to
current molecular dynamics approaches. We address this common tradeoff be-
tween detail and sampling by posing the following inference problem: given
a single dynamic distance constraint, what is the most likely protein structure?
Tuesday, March 8, 2011 477aFor a solution, our Kalman-filter-inspired approach, Structure-from-FRET,
generates an atomistic protein trajectory most likely responsible for the ob-
served smFRET distance constraint: a statistical inference inverse problem.
As a general analysis and visualization tool, we apply the method to the model
hingeprotein adenylate kinase.Millisecond-resolutionFRETefficiencies indicate
approximate Lid/Core distance traces, which constrain inference of global protein
geometry. Resultant trajectories span extended temporal (seconds) and conforma-
tional (tens of Angstroms) scales, without imposed potentials or perturbations be-
tween reference states. Here, the inter-residue distances constrain a state-space
estimation with backbone atom coordinates as variables. Experimental (con-
straint) uncertainty is explicitly considered and each update step maximizes spa-
tial information from previous ‘frames’. We compare generated trajectories
against those from interpolative or elastic network approaches, but also with
known PDB structures and long run MD simulations. Results suggest Structure-
from-FRET is reliable for modeling novel biocatalysts, inhibitor targets, or other
proteins for which multiple structures or atomistic simulations are unavailable.
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Single Particle Tracking of QD-IgE in Hyperspectral Fluorescent Images
Patrick J. Cutler, Michael Malik, Sheng Liu, Fang Huang, Jason Byars,
Diane Lidke, Keith Lidke.
In recent years, single particle tracking of quantum dot (QD) labeled membrane
proteins has yielded significant biological insights. In conventional single par-
ticle tracking, the experimentalist is limited to 2-3 colors of quantum dots and
sparse labeling density. In order to circumvent these limitations, we have devel-
oped a hyperspectral line scanning microscope with the ability to acquire hy-
perspectral images (128 spectral channels over 500 to 800 nm) at a rate of
30 frames per second. Hyperspectral images possess a wealth of information
that can be used to improve multicolor single particle localization and tracking.
Here we describe new algorithms for the analysis of hyperspectral images for
single particle localization and trajectory building.
In conventional single particle localization, a two dimensional Gaussian is of-
ten used to estimate the point spread function of the microscope. In hyperspec-
tral images, the spectral characteristics of single QDs can be estimated using
a Gaussian distribution in the wavelength dimension. Combining this with
a two dimensional Gaussian estimate for the microscope point spread function
gives a three dimensional Gaussian estimate for the position of a single quan-
tum dot in both spatial dimensions and the spectral dimension. We extend our
high speed two dimensional [1] fitting to three dimensions and implement the
routine on GPU architecture giving more than an order of magnitude increase in
analysis speed over an equivalent CPU based implementation.
Analysis of hyperspectral data allows the relatively unique spectral signature of
each QD to be used to help resolve indeterminacy during connection of points
into trajectories, allowing for single particle tracking in relatively densely la-
beled samples. The hyperspectral line scanning microscope and single particle
tracking algorithms are demonstrated with experiments of QD- IgE bound to Fc
(epsilon)RI on live cells.
Smith, Nat. Methods 7, 373-375 2010.
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Optimal Estimation of Location and Orientation of Myosin V Lever Arm
from Focused Diffraction-Limited Images of Single, Double-Bound
Fluorophore
Jongmin Sung, Kim I. Mortensen, Henrik Flyvbjerg, James A. Spudich.
In ‘‘... the most complete theoretical description of localization microscopy to
date ...’’ (1,2), we showed how to estimate location and orientation of fixed,
fluorescent probes from focused images. We demonstrated the superiority of
the theoretical point spread function over a 2D Gaussian and of maximum like-
lihood estimation over least squares fitting. Here we compare our approach to
popular methods that use de-focused imaging and/or 2D Gaussians (3). Exper-
imentally, we verify theoretical expectations using internally labeled dsDNA as
benchmark. Then we show from motility assays that our method provides high-
resolution angular and positional information about myosin V dynamics. Spe-
cifically, bifunctional rhodamine-labeled calmodulin is exchanged to the lever
arm of myosin V. The orientation of the dye shows two angular states during
stepping, which very stably are separated by ~70 deg. This result is consistent
with the 70 deg rotation of the lever arm between pre- and post-stroke states.
References:
1. Kim I. Mortensen, L. Stirling Churchman, James A. Spudich, and Henrik
Flyvbjerg: Optimized localization-analysis for single-molecule tracking and
super-resolution microscopy. Nature Methods 7, 377-381 (2010).
2. Characterization by Daniel R. Larson: The economy of photons. News and
Views, Nature Methods 7, 357-359 (2010).
3. Erdal Toprak, Joerg Enderlein, Sheyum Syed, Sean A. McKinney, Rolfe G.
Petschek, Taekjip Ha, Yale E. Goldman, and Paul R. Selvin: Defocused orienta-
tion and position imaging (DOPI) of myosin V. PNAS 103, 6495-6499 (2006).2584-Pos Board B570
Probing Diffusion in Live E. coli using Single-Molecule Tracking
Benjamin P. Bratton, Somenath Bakshi, James C. Weisshaar.
Measurement of protein diffusion in vivo probes the effects of bacterial cyto-
plasm on protein mobility. We used single-particle tracking (SPT) and fluores-
cence recovery after photobleaching (FRAP) to study diffusion of the photo-
activatable protein Kaede inside live E. coli cells. Photo-activation of the mol-
ecule Kaede enables us to study only one or two fluorescent molecules at
a time. The non-spherical shape of E. coli led us to separate the tracking
data into displacements along the long axis and short axis of the cell. Kaede
molecules diffuse rapidly, exploring the entire cell on a timescale of 100
ms. This containment effect resulted in sub-linear increase of the mean-
square displacement (MSD) vs time. We used Monte Carlo simulations and
the analytical expression for the long-time MSD in a spherocylinder to fit
the SPT data.
Within a single cell, the tracking data were consistent with homogeneous dif-
fusion. Across a population of cells, the tracking data had a mean diffusion con-
stant of <DSPT> = 7.2 5 1.9 mm
2/s. The value of the MSD at long times as
measured by SPT was consistent with the predicted long time MSD based on
the cell shape and size. This implies that the molecules explore the entire vol-
ume of the cell. The sub-linear increase of MSD with time can be explained
completely by the containment of diffusing molecules by the cell. For a few
cells, we also performed FRAP on the unactivated state of Kaede, yielding
<DFRAP> = 8.55 2.0 mm
2/s in agreement with the SPT result for the activated
state. Among single cells, DSPT and DFRAP were correlated (r = 0.32).2585-Pos Board B571
Dye-Conjugated Dendrimers as Bright and Photostable Fluorescent
Labels for Single Molecule Microscopy
Younghoon Kim, Sung Hoon Kim, Melikhan Tanyeri,
John A. Katzenellenbogen, Charles M. Schroeder.
In this work, we report a new class of bright and photostable fluorescent labels
for single molecule fluorescence microscopy based on chemically functional-
ized dendrimers. We synthesized polymeric dendrimers containing multiple
fluorophores and versatile functional groups, thereby enabling facile fluores-
cent labeling of biomolecules (proteins, DNA, RNA) via specific chemical con-
jugation. We characterized the photophysical properties of single dye-
conjugated dendrimer molecules immobilized to chemically modified surfaces
using total internal reflection fluorescence microscopy (TIRF-M). Fluorescence
photobleaching lifetimes of dye-conjugated dendrimers were observed to far
exceed the lifetimes of single conventional organic dye molecules, both in
the presence or absence of oxygen scavengers. In addition, single dendrimer
molecules are significantly brighter than single conventional organic dye mol-
ecules. Furthermore, we determined the precision of centroid position determi-
nation for single molecule localization by fitting the fluorescence emission
from single dendrimers to a 2-dimensional Gaussian function. Dye-
conjugated dendrimers exhibit several advantages as polymeric fluorophores
for labeling biological molecules. First, single dendrimer molecules exhibit
a relatively small size which is comparable to common GFP-family fluorescent
proteins and smaller than inorganic quantum dots. Second, fluorescently-
labeled dendrimers are synthesized to contain multiple fluorophores, thereby
overcoming blinking in single dyes and short fluorescence ‘‘on’’ times before
photobleaching, which are common limitations of single organic dyes for appli-
cations in single molecule microscopy. Third, a wide variety of commonly used
fluorophores can be conjugated to polymeric dendrimers, thereby increasing
their utility for labeling. Overall, we anticipate that dye-conjugated dendritic
polymers will be a versatile tool for single molecule microscopy applications,
including fine-scale characterization of protein structural dynamics and super-
resolution microscopy.
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Tracking Processive DNA Synthesis with Single-Molecule Fluorescence
Charles E. Wickersham, Everett A. Lipman.
We have recently shown that double-stranded DNA labeled with a periodic se-
ries of fluorescent dyes can be used to track a single helicase. Here we demon-
strate that this technique can be adapted to follow processive DNA synthesis.
By monitoring strand displacement, we measure the motion of a single phi29
DNA polymerase without labeling or altering the enzyme or the template
strand, and without applying any force. We observe a wide range of speeds,
with the highest exceeding by several times that observed in other single-
molecule experiments. Because this method enables repeated observations of
the same polymerase traversing identical segments of DNA, it should prove
useful for determining the effects of sequence on DNA replication and tran-
scription.
